Inducible degrader of the low-density lipoprotein receptor (IDOL) is an E3 ubiquitin ligase that mediates the ubiquitination and degradation of the low-density lipoprotein receptor (LDLR). IDOL expression is controlled at the transcriptional level by the cholesterol-sensing nuclear receptor liver X receptor (LXR). In response to rising cellular sterol levels, activated LXR induces IDOL production, thereby limiting further uptake of exogenous cholesterol through the LDLR pathway. The LXR-IDOL-LDLR mechanism for feedback inhibition of cholesterol uptake is independent of and complementary to the sterol regulatory element-binding protein pathway. Since the initial description of the LXR-IDOL pathway, biochemical studies have helped to define the structural basis for both IDOL target recognition and LDLR ubiquitin transfer. Recent work has also suggested links between IDOL and human lipid metabolism. (Arterioscler Thromb Vasc Biol. 2012;32:2541-2546.)
C holesterol is essential for mammalian cells because it plays important roles in a series of biological processes, including the biosynthesis of steroid hormones and the maintenance of membrane integrity. 1 However, excessive free cholesterol is toxic to cells. Therefore, cholesterol levels in individual cells, as well as in whole animals, are tightly regulated through the coordinated action of the liver X receptor (LXR) and sterol regulatory element-binding protein (SREBP) transcription factors. 1, 2 Systemic cholesterol homeostasis reflects a finely tuned balance between dietary uptake, endogenous synthesis, reverse cholesterol transport, and removal from the body via biliary and intestinal excretion. 1 Elevated levels of cholesterol in the bloodstream are a strong risk factor for cardiovascular disease. 3 Diets rich in cholesterol and saturated fat, combined with sedentary lifestyles, present a challenge for the endogenous homeostatic mechanisms designed to maintain optimal cholesterol levels. This has likely been a major contributor to the increased prevalence of cardiovascular disease. Although statin drugs have been beneficial in reducing mortality associated with cardiovascular disease, 4 new therapeutic strategies are needed to complement statins because many individuals fail to reach their target cholesterol levels with statins alone. Inducible degrader of the low-density lipoprotein receptor (IDOL) has recently been identified as an E3 ubiquitin ligase that modulates cholesterol levels by regulating the stability of the lowdensity lipoprotein receptor (LDLR) via a pathway that is independent of the mechanism of action of statins. 5 Therefore, a better understanding of the LXR-IDOL pathway could potentially provide insight into novel approaches to the treatment of cardiovascular disease.
Role of LDLR in Cholesterol Homeostasis
The LDLR is a major determinant of plasma cholesterol levels. This cell surface receptor is expressed primarily in liver and removes cholesterol-carrying LDL from plasma by receptor-mediated endocytosis. 6 Familial hypercholesterolemia is a rare human genetic disorder that usually results from a mutation in the coding region of the LDLR that disrupts its function. 7 Mice lacking the LDLR are also hypercholesterolemic and provide a widely used model for the study of atherosclerosis. 8 The transcription of LDLR is primarily under the control of the transcription factor SREBP-2, the first sterol-regulated transcription factor to be described. 9 SREBP-2 is an endoplasmic reticulum transmembrane protein that exists in a complex with the sterol-sensing proteins SREBP cleavage-activating protein and insulin-induced gene 1. The SREBP/SREBP cleavage− activating protein complex moves to the Golgi apparatus when the intracellular cholesterol concentration decreases. Proteases in the Golgi cleave SREBP-2 to release the active SREBP-2 transcription factor, which translocates to the nucleus and stimulates transcription of LDLR. 1 Like many other plasma membrane receptors, LDLR is transported to the plasma membrane via the endoplasmic reticulum-Golgi pathway. LDL-bound LDLR is endocytosed through a clathrin-dependent pathway and, after releasing its cargo in the late endosome, the LDLR is either recycled back to the plasma membrane or degraded in the lysosome. 10 Subsequent to the description of the SREBP pathway, it was discovered that the LDLR is also regulated by posttranslational mechanisms that govern its stability. Proprotein convertase subtilisin/kexin type 9 (PCSK9) binds directly to the extracellular domain of the LDLR and alters its stability and trafficking by interfering with its recycling after endocytosis, thereby promoting its lysosomal degradation. [11] [12] [13] The physiological importance of PCSK9 in cholesterol metabolism is supported by genetic evidence in both mouse models and in humans. Patients with gain-or loss-of-function PCSK9 mutations show markedly altered plasma cholesterol levels. 14, 15 Interestingly, like its target the LDLR, the expression of PCSK9 is also induced by activated SREBP. Although the physiological basis for PCSK9 regulation by SREBPs is not entirely understood, its regulation by SREBP-1 may relate to the metabolism of very-low-density lipoprotein (VLDL). The expression of PCSK9 in the setting of SREBP-1 activation in the liver would be expected to prevent newly secreted VLDL particles from being reclaimed by hepatocytes, thereby facilitating their delivery to peripheral tissues. 16, 17 In this context, it is important to note that the statin drugs increase PCSK9 levels at the same time that they increase LDLR expression, and this limits their cholesterol-lowering efficacy. Therefore, targeting the LDLR from different angles using a combination of drugs might improve the treatment of hypercholesterolemia. 18
Regulation of IDOL Expression by LXR
The nuclear receptors LXRα and LXRβ work in a complementary fashion with SREBPs to maintain cholesterol homeostasis. When cellular cholesterol levels rise, oxysterols are formed and serve as ligands for LXRs. 19 Activation of LXR by oxysterols, particularly 24(S),25-epoxycholesterol and 22(R)-hydroxycholesterol, 20 induces the expression of genes encoding proteins essential for cholesterol efflux from cells, including ATP-binding cassette transporter A1 and ATPbinding cassette transporter G1, phospholipid transfer protein, ADP-ribosylation factor-like 7, and apolipoprotein (Apo) E. 21, 22 The expression fof these factors promotes the transfer of excess intracellular cholesterol to extracellular acceptors, such as ApoA-I, ApoE, and high-density lipoprotein, thereby facilitating reverse cholesterol transport from peripheral tissues. [23] [24] [25] Several years ago, our group made the unexpected observation that in addition to regulating cholesterol efflux, the LXR signaling pathway also exerts a strong influence on the cellular uptake of cholesterol through the LDLR. Treatment of various cell types, including macrophages and hepatocytes, with the LXR agonists GW3965 and T0901317 markedly inhibits the binding and uptake of LDL by these cells. 5 Also surprising was the observation that this effect occurs in the absence of changes in LDLR mRNA levels. Rather, LXR activation was shown to lead to rapid elimination of LDLR protein from the cell surface. 5 Through transcription profiling studies and candidate gene analyses, we identified the E3 ubiquitin ligase MYLIP (renamed IDOL) as the mediator of the effects of LXR on the LDLR. IDOL/MYLIP had been studied previously in cultured neurons and proposed to interact with myosin regulatory light chain and to alter neurite outgrowth. 26 However, this factor had not been linked to lipid metabolism, and its biological targets for ubiquitination had not been definitively established. The IDOL gene promoter is a direct target for binding and regulation by LXR/retinoid X receptor heterodimers in both mice and humans. Accordingly, the expression of IDOL mRNA is induced by LXR agonists in multiple cell types in vitro and in multiple tissues in vivo, including intestine, macrophages, and fat. 5 Interestingly, although it is highly induced by LXR agonists in human hepatocyte cell lines, the expression of IDOL does not appear to respond as well to LXR agonists in mouse liver. 5 It is possible that there is an as unknown mechanism governing IDOL responsiveness to LXR activation in different tissues and organisms.
The IDOL protein contains a FERM (4.1 band, ezrin, radixin, and moesin) homology domain at the amino terminus and a RING (really interesting new gene) zinc finger putative ubiquitin ligase domain at its carboxyl terminus. 26 Other proteins with FERM domains have been shown to interact with the cytoplasmic portions of transmembrane proteins and link these proteins to the cytoskeleton during cell signaling. 27 Interestingly, IDOL is the only FERM-containing protein that also possesses a RING ubiquitin ligase motif.
IDOL Mediates Ubiquitination and Degradation of the LDLR
The ability of IDOL to facilitate LDLR protein degradation was initially revealed by a series of in vitro and in vivo studies. Transfection of IDOL cDNA into cultured cells strongly promotes the degradation of LDLR protein. Furthermore, overexpression of IDOL in mouse liver with an adenoviral vector reduces LDLR abundance and increases plasma cholesterol levels in mice. 5 Conversely, downregulation of endogenous IDOL levels by RNA silencing increases LDLR protein levels and enhances LDL uptake, suggesting that IDOL plays a role in endogenous LDLR regulation. Evidence for the importance of the LXR-IDOL axis in vivo was provided by the observation that LXR agonists reduce LDLR protein levels in mice in a tissue-specific manner depending on the degree of IDOL induction. 5 The presence of a RING domain in IDOL strongly suggested that IDOL could function as an E3 ubiquitin ligase, although it had not been shown previously to ubiquitinate a specific target protein. Given the ability of IDOL to promote LDLR degradation, we hypothesized that the LDLR itself might be a target for IDOL-dependent ubiquitination. Consistent with this mechanism, we showed that the ubiquitination of LDLR is dramatically enhanced by the overexpression of IDOL. Furthermore, an IDOL protein harboring a point mutation (C387A) in the catalytic RING domain that inactivates the E3 ligase activity has no effect on LDLR protein levels. 5 Because IDOL is a cytosolic protein, the cytoplasmic tail is the only portion of LDLR protein that is accessible to IDOL. Therefore, 1 or more residues in the tail must be the target(s) for ubiquitination. Mutational analysis revealed that either an intact K830 or an intact C839 residue on the LDLR tail is required for ubiquitin anchoring and IDOL-mediated degradation of the LDLR. 5 Similar to many other E3 ubiquitin ligases, in addition to inducing ubiquitination and degradation of the LDLR, IDOL also ubiquitinates itself and, therefore, undergoes auto degradation. However, the degradation of the LDLR and the auto degradation of IDOL are carried out through distinct pathways. Using proteasome and lysosome specific inhibitors, it has been shown that LDLR degradation is dependent on the lysosomal pathway, whereas IDOL autodegradation appears to be dependent on the proteasomal pathway. 5
VLDLR and ApoER2 Are Also Targets for IDOL-Mediated Degradation
The LDLR family is a large group of proteins that play diverse roles in physiology, extending from lipid metabolism to Wnt signaling to neuronal development. 28, 29 Recent work indicates that, in addition to the LDLR, IDOL also ubiquitinates the 2 closely related LDLR family members (VLDLR [VLDL receptor] and ApoE receptor 2 [ApoER2]) and promotes their degradation. 30 Furthermore, available evidence strongly suggests that LDLR, VLDLR, and ApoER2 are the only IDOL target proteins in mammals. 31 Similar to LDLR, pharmacological activation of LXR with synthetic agonists in mice decreases VLDLR and ApoER2 expression in vivo. Interestingly, VLDLR and ApoER2 have been implicated in neuronal migration in the brain, as well as lipid metabolism, 29 suggesting a potential role for the LXR-IDOL signaling axis in the central nervous system. In support of this possibility, cell culture studies have shown that LXR activation decreases Reelin binding to VLDLR and reduces downstream Dab1 phosphorylation. 30 Further studies will be required to define the role of IDOL in brain development and function.
Complementary Regulation of the LDLR by the SREBP and the IDOL Pathways
The physiological relevance of the LXR-IDOL pathway in regulating cholesterol homeostasis was further substantiated by the analysis of IDOL-deficient embryonic stem (ES) cells. Cells lacking IDOL expression exhibit higher basal levels of LDLR protein and internalize LDL more readily than wild-type cells. 32 Furthermore, synthetic LXR agonists have no effect on protein levels of LDLR or the uptake of LDL in IDOL-null ES cells, indicating that IDOL is absolutely required for the effect of LXR on the LDLR. 32 IDOL-null cells also proved useful for dissecting the contribution of the LXR and SREBP pathways to the feedback control of LDL uptake by sterols. We found that the LXR-IDOL pathway was activated more rapidly in response to changing sterol concentrations compared with the SREBP pathway. Oxysterol activation of LXR reduces plasma membrane LDLR protein in wild-type cells with a half-maximum effect as early as 2 hours. The reduction in LDLR protein is slower in IDOL-deficient ES cells, where downregulation of the LDLR can only be achieved by SREBP-mediated suppression of LDLR gene transcription. 32 This observation suggests a role for IDOL in the acute responses to changing cholesterol levels.
Interestingly, the effects of IDOL on LDLR protein levels appear to be independent of, and additive with, 2 currently available pharmacological pathways for LDLR regulation, the statin (SREBP) and PCSK9 pathways. Statin drugs act by inhibiting cholesterol biosynthesis and triggering SREBPmediated upregulation of LDLR gene transcription. 32, 33 Loss of IDOL expression in cultured ES cells further stabilizes the increased LDLR protein levels induced by statin drugs, 32 leading to increased protein levels on the cell surface. As discussed earlier, the SREBP pathway also induces the expression of PCSK9, which reduces membrane LDLR by promoting its endocytosis. 12 Analysis of IDOL-deficient ES cells established that the mechanisms of action of PCSK9 and IDOL are distinct. Unlike IDOL, which works intracellularly, PCSK9 induces the internalization of the LDLR primarily by binding to the extracellular domain. 11,13 Furthermore, PCSK9 is still able to stimulate LDLR degradation in cells lacking IDOL, indicating that IDOL and PCSK9 function in complementary but independent pathways. 32
The Structural Basis for Substrate Recognition by IDOL
The mechanisms of substrate recognition and ubiquitin transfer in IDOL-dependent protein degradation have been elucidated by several recent studies. 31, 34, 35 As mentioned earlier, IDOL is the only protein in the human genome that possesses both a RING E3 ligase domain and a FERM protein-protein interaction motif. It is now clear that these 2 domains, although both are required for IDOL action, are functionally independent. Given that FERM domains have been shown to mediate sequence-specific protein-protein interactions in other proteins, we hypothesized that this domain might be responsibe for IDOL target recognition. Indeed, we showed that the IDOL FERM domain binds directly to a recognition sequence in the cytoplasmic tails of its 3 known targets, LDLR, VLDLR, and ApoER2 (Figure) . 31 This binding does not require the ubiquitin E3 ligase activity or RING domain, given that target interaction can be observed with isolated FERM domain or with full-length IDOL protein in which the structure of the RING domain has been disrupted by mutation. Most FERM proteins contain 3 distinct subdomain folds termed F1, F2, and F3. The IDOL FERM domain is unusual among FERM domains because it contains a duplication of the phosphotyrosine-binding-like fold present in the F3 region. We have referred to these distinct phosphotyrosinebinding domains as F3a and F3b. 31 Mutational studies demonstrated that residues Y265 and T269, which reside in the F3b subdomain, were especially important for IDOLinduced LDLR degradation. An independent study also implicated the neighboring H272 residue. 34 Therefore, the F3b subdomain phosphotyrosine-binding-like fold appears to mediate the recognition between IDOL and the LDLR. 31 We further showed that the F3b domain of IDOL binds to a distinct recognition sequence (WxxKNxxSI/MxF) in the cytoplasmic tails of its 3 target proteins: LDLR, VLDLR, and ApoER2. 30 Sequence alignment and structural modeling of these lipoprotein receptors suggested that W813, I821, and F823 in the LDLR tail were key residues mediating the interaction with the IDOL F3b domain, and these predictions were confirmed by mutagenesis. 31 Lipoprotein receptors carrying mutations in the IDOL recognition sequence are resistant to IDOL-dependent degradation. Interestingly, the mechanism of IDOL target recognition has been highly conserved in evolution. Defense receptor-1, the Drosophila homolog of IDOL, is capable of degrading the human LDLR in mammalian cells, 30 and key residues in the defense receptor-1 F3b subdomain mediating LDLR recognition are functionally conserved. 31 Interestingly, cellular membrane appears to be a critical component in the nucleation of the IDOL-LDLR complex. IDOL is unable to promote the degradation of fusion proteins containing the soluble LDLR cytoplasmic domain but can degrade a heterologous membrane protein carrying the LDLR tail. 30 In addition to binding lipoprotein receptor tails, the IDOL FERM domain mediates interaction with negatively charged phospholipids. A combination of biochemical and cell-based assays demonstrated that this tripartite interaction between the FERM domain, membrane phospholipids, and the lipoprotein receptor tail is required for IDOL-dependent degradation (Figure) . 31 
Structural Basis of IDOL-Mediated LDLR Ubiquitination
The ubiquitination of proteins involves a cascade of ubiquitin transfer reactions carried out by 3 categories of enzymes, named E1, E2, and E3. A single E1 can transfer ubiquitin to several species of E2 enzymes, and each E2 acts in concert with either 1 or several E3 enzymes to induce substrate ubiquitination and the autoubiquitination of E3. 36 Although IDOL had been identified as the E3 required for LXR-dependent ubiquitination of the LDLR, the identity of the E2 partner remained unknown until recently. A screen of a panel of E2 enzymes using an in vitro IDOL autoubiquitination assay led to the identification of the UBE2D family (UBE2D 1-4) as E2 partners for the IDOL autoubiquitination. 35 UBE2Ds are capable of catalyzing the addition of ubiquitin using both K48 and K63 linkages, consistent with the observation that ubiquitin chains formed by IDOL in vitro contain multiple linkages. 35 Importantly, UBE2Ds support not only IDOL autoubiquitination but also IDOL-dependent ubiquitination of the LDLR in a cell-free system. Furthermore, inhibition of UBE2D activity by overexpressing a dominant-negative UBE2D enzyme inhibits the ability of IDOL to degrade the LDLR in cells, strongly suggesting that these are major physiological IDOL partners. 35 However, they may not be the only partners. The UBE2N/UBE2V1 complex has also been shown to mediate ubiquitination of the LDLR using K63-specific ubiquitin linkage. 34 The relative importance of these E2 enzymes and of K48 and K63 linkage ubiquitination in IDOL function remain to be clarified. Structure-guided mutagenesis of the UBE2D-IDOL complex further demonstrated that disruption of the interaction interface between UBE2D and IDOL inhibits the degradation of the LDLR. 35 Additionally, the RING domain also mediates the dimerization of IDOL, and dimerization is also required for the ability of IDOL to autoubiquitinate and to ubiquitinate the LDLR (Figure) . Mutations that disrupt Figure. Model for the mechanism of recognition and ubiquitination of the low-density lipoprotein receptor (LDLR) by inducible degrader of the low-density lipoprotein receptor (IDOL). IDOL is an E3 ubiquitin (Ub) ligase that facilitates the ubiquitination and degradation of the LDLR. IDOL contains an N-terminal (4.1 band, ezrin, radixin, and moesin) FERM domain and a C-terminal really interesting new gene (RING) domain. The FERM domain mediates the recognition between IDOL and the cytoplasmic tail of the LDLR via conserved residues in the F3 subdomain. In addition, residues in the F3 subdomain that are in proximity to the plasma membrane facilitate membrane association and the interaction between IDOL and the LDLR. The RING domain mediates the dimerization of IDOL and the interaction between IDOL and UBE2D and therefore is essential for the ubiquitin transfer. Ubiquitin can be transferred from UBE2D directly to the lysine and cysteine residues at the cytoplamic tail of the LDLR, leading to its degradation in the lysosome. Alternatively, uniquitin can also be transferred to the lysine residues in the F3c subdomain of IDOL, leading to the autodegradation of IDOL in the proteasome.
IDOL dimerization also render IDOL unable to degrade the LDLR. 35 This finding is consistent with previous reports that dimerization is essential for the function of many other RING domain-containing E3 ligases. [37] [38] [39] In-depth structural analysis suggested that the dimerization facilitates ubiquitin transfer by preferentially binding the E2-ubiquitin thioester across the dimer and activating the thioester bond for catalysis. 39
Involvement of IDOL in Human Cholesterol Metabolism
IDOL is expressed in a variety of human tissues, but its role in human cholesterol metabolism remains an open question. Until recently, there was no description of any gain-or lossof-function mutation in the human IDOL gene, and therefore the physiological effect of increased or reduced IDOL activity is still largely unknown in humans. Interestingly, several recent genome-wide association studies have identified single nucleotide polymorphisms in the region of IDOL gene that are linked to the total cholesterol and LDL cholesterol levels in different cohorts. 40, 41 In addition, a recent genome-wide association study found single nucleotide polymorphisms in the region of IDOL gene to be significantly associated with reduced LDL cholesterol levels in response to treatment with statin drugs. 42 We recently characterized a nonsynonymous single nucleotide polymorphism (N342S) in the coding region of the IDOL gene that alters the LDLR degradation activity of the protein. 43 Residue 342 is located in the IDOL FERM domain, the region required for the physical interaction between IDOL and the LDLR. The N342 allele is more active in LDLR degradation assays compared with the S342 allele. Furthermore, in a cohort of Mexican hyperlipidemic patients, subjects homozygous for the less active S342 allele exhibited a 7% lower plasma cholesterol levels, a result that would be consistent with increased hepatic LDLR expression. 43 These results provide in vivo evidence that modulating IDOL activity can affect the plasma LDL levels in humans. However, the physiological and pharmacological relevance of the IDOL pathway for disease pathogenesis or treatment remains to be clarified. There have been no complete lossof-function or dominant-negative IDOL alleles described to date; therefore, the effects associated with dramatic changes in IDOL activity are unknown. Similarly, it is not known whether pharmacological inhibition of IDOL-dependent LDLR degradation would substantially affect human lipid levels.
Going forward, it will be important to consider potential functions of the LXR-IDOL pathway in humans beyond the potential to impact hepatic LDLR expression. IDOL is expressed and responsive to LXR activation in other metabolically active tissues, including adipose tissue intestine, as well as in macrophages. The consequence of alteration in LDLR, VLDLR, and ApoER2 expression in these contexts will need to be considered. Moreover, identification of VLDLR and ApoER2 as IDOL targets suggests that IDOL may play roles unrecognized yet in the central nervous system. 30 It will be interesting to determine whether genetic variations at the IDOL locus are associated with neuro developmental abnormalities in humans.
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